Background: Alcoholic liver disease (ALD) is commonly associated with intestinal permeability. An unanswered question is why only a subset of heavy alcohol drinkers develop endotoxemia. Recent studies suggest that circadian disruption is the susceptibility factor for alcohol-induced gut leakiness to endotoxins. The circadian protein PER2 is increased after exposure to alcohol and siRNA knockdown of PER2 in vitro blocks alcohol-induced intestinal barrier dysfunction. We have shown that blocking CYP2E1 (i.e., important for alcohol metabolism) with siRNA inhibits the alcohol-induced increase in PER2 and suggesting that oxidative stress may mediate alcohol-induced increase in PER2 in intestinal epithelial cells. The aim of this study was to elucidate whether a mechanism incited by alcohol-derived oxidative stress mediates the transcriptional induction of PER2 and subsequent intestinal hyperpermeability.
A LCOHOLIC LIVER DISEASE (ALD) encompasses a spectrum of progressive conditions that arise in 30% of chronic alcohol (i.e., EtOH) abusers . In these individuals, alcohol causes the abnormal uptake, processing, and metabolism of fatty acids in the liver. This process sets the stage for the injurious retention of fat by hepatocytes (Maher, 2002) . The relatively benign pathological process of fat deposition, known as steatosis, can occur after heavy alcohol consumption and is generally accepted as an important first step for further liver injury including steatohepatitis and cirrhosis. Approximately 50% of heavy drinkers with steatohepatitis will develop cirrhosis if alcohol consumption continues (Leevy, 1962; Sørensen et al., 1984) . Evidence indicates that clinical ALD is due, in part, to hyperpermeability of the intestinal colon. This increase in permeability of the colonic epithelial barrier allows for the critical introduction of bacterial-derived endotoxins into the systemic circulation Mutlu et al., 2009; Parlesak et al., 2000; Tang et al., 2008) . The unanswered question is why only a subset of heavy alcohol drinkers develop endotoxemia and ALD. Recent in vitro and in vivo rodent studies suggest that disruption of circadian homeostasis may be one susceptibility factor for alcohol-induced gut leakiness to endotoxins (Summa et al., 2013; Swanson et al., 2011) .
Circadian rhythms are physiological and behavioral patterns of approximately 24 hours, guided by cell-autonomous molecular pacemakers which can be entrained and coordinated according to environmental cues such as light and food intake . The hierarchy of circadian rhythms coordinates physiological processes between cells, tissues, and organ systems (Bass and Takahashi, 2010) . In mammals, the central or "master clock" is found within the suprachiasmatic nucleus (SCN) of the hypothalamus in the brain, which uses photic stimuli to align its protein and RNA production with geological time. The SCN then uses neuronal and hormonal outputs to coordinate the peripheral clocks in cells in other organs such as the intestine (Bellet and Sassone-Corsi, 2010) . Circadian rhythms oscillate in clear phases with characteristic amplitudes or peaks during a 24-hour period. The generation and maintenance of the circadian clock relies on gene expression using a network of transcriptional-translational feedback loops that comprise the core molecular circadian clock (Buijs and Kalsbeek, 2001) . Constitutively expressed, the main regulator protein of the circadian rhythm, CLOCK, is an acetyltransferase that dimerizes with BMAL1 and binds to the enhancer box of CLOCK-controlled gene regions to form the positive arm of the molecular circadian clock (Ko and Takahashi, 2006) . The binding of the CLOCK-BMAL1 heterodimer induces the expression of other circadian genes (e.g., PER1-3 and CRY1-2). Once translated, PER2 and CRY1 proteins are trafficked from the cytoplasm into the nucleus to repress their own production by binding to and inhibiting CLOCK and BMAL1 in completion of a 24-hour negative feedback loop (Wilkins et al., 2007) .
Genetic or environmental disruption of the delicate forward and feedback loops that form biological clocks can lead to the disruption of circadian homeostasis ( € Ollinger et al., 2014; Yu and Weaver, 2011) . Maintenance of circadian rhythms is critical because disruption of circadian homeostasis creates a pro-inflammatory state and is associated with numerous inflammation-mediated pathologies (CastanonCervantes et al., 2010; Narasimamurthy et al., 2012; Summa et al., 2013) . One environmental factor that could impact circadian homeostasis is alcohol . Indeed, we have shown that alcohol consumption alters circadian rhythms (e.g., CLOCK and PER2 in the intestine) in multiple organs including the intestine (Summa et al., 2013 (Summa et al., , 2015 . Alcohol-induced changes in the circadian clock are a key feature associated with alcohol-induced intestinal barrier dysfunction (Swanson et al., 2011) . However, the detailed mechanisms by which alcohol disrupts circadian homeostasis and specifically in peripheral organs like the intestine are not known.
Alcohol is predominantly metabolized by alcohol dehydrogenase and aldehyde dehydrogenase (Bullock, 1990) ; however, under heavy or chronic consumption of alcohol, the 2 primary metabolic enzymes become saturated and the cytochrome P450 enzyme CYP2E1 becomes the primary pathway for alcohol metabolism. CYP2E1 is classified as a "leaky" enzyme that spills harmful free radicals into the cytoplasm during the process of alcohol metabolism (Caro and Cederbaum, 2004) . The harmful ions generated by CYP2E1 metabolism of alcohol can exceed the capacity of cellular innate antioxidant mechanisms, and it is one major mechanism by which alcohol can lead to pathology Haorah et al., 2005; Keshavarzian et al., 2009 ). Oxidative stress produced as a by-product of CYP2E1 alcohol metabolism can influence the circadian clock. Alcoholinduced increase in CLOCK and PER2 and intestinal barrier dysfunction is dependent on CYP2E1 . In addition, this effect appears to be dependent on oxidative stress as the antioxidant N-acetylcysteine (NAC) prevents alcohol-induced changes in CLOCK or PER2 expression and barrier dysfunction .
The purpose of this study was to investigate the mechanism through which alcohol and CYP2E1-mediated oxidative stress promote the increase in CLOCK and PER2 proteins required for alcohol-induced intestinal hyperpermeability. We hypothesize that production of free radicals by CYP2E1-mediated alcohol metabolism initiates a cascade of events including activation of PKA, phosphorylation/activation of cAMP response element-binding (CREB), increased PER2, culminating in intestinal barrier dysfunction. The rationale for this hypothesis was based on prior studies showing that CREB activity is affected by alcohol and core circadian clock genes are inducible through the binding of the CREB protein to the camp response element (CRE) site located upstream of the genetic enhancer box (Obrietan et al., 1999) . To test our hypothesis, we used Caco-2 cells as well as intestinal tissue from mice chronically fed alcohol to validate our in vitro findings. Our data reveal that CREB may act as a mediator between alcohol-induced oxidative stress and the circadian machinery to promote the development of intestinal barrier dysfunction.
MATERIALS AND METHODS

Caco-2 Cells and Alcohol or H 2 O 2 Exposure
Caco-2 cells (ATCC no. CRL2101, human colorectal adenocarcinoma; Manassas, VA) were grown to confluence in complete media with an antibiotic and an antifungal agent (37°C, 5% CO 2 , 10% fetal bovine serum media with 5 mM penicillin-streptomycin). Caco-2 cells were grown on type 1 collagen-coated 12 mm/0.4 lM pore tissue culture plate inserts (Transwell; Corning, Corning, NY) as previously described . Cell viability under these conditions was previously measured and verified using live/dead assay (Invitrogen, Life Technologies, Grand Island, NY) or Trypan blue staining (>95% cell viability for all assays) (Swanson et al., 2011) . Caco-2 cell monolayers were treated with alcohol (0.2% vol/vol, 43 mM; equivalent to 2 to 3 alcoholic drinks, a physiologically relevant dose of alcohol at the level of the colon) for the specified time periods with or without NAC (antioxidant) or H89 (PKA/CREB inhibitor) as indicated. 25 mM of H 2 O 2 was added to media as an alternative oxidant. Experiments were terminated with the removal of media and the addition of PBS for scraping and mRNA expression analysis, SDS/RIPA buffer for whole cell lysates (Western blot), or Qiagen lysis buffer for mRNA analysis of gene expression (RNeasy kit; Qiagen, Valencia, CA). Intestinal barrier integrity in Caco-2 cells was assessed via transepithelial electrical resistance (TEER) as previously described (Swanson et al., 2011) . TEER was assessed using an epithelial volt/ohm meter, a dual-electrode system designed for cell culture insert analysis (World Precision Instruments, Sarasota, FL) (Hidalgo et al., 1989) . Blank culture inserts were used for baseline values, which were subtracted from all values using inserts with living cells. When indicated, cells were pretreated with either 20 mM NAC for up to 48 hours or 10 mM H89 PKA/CREB inhibitor for 1 hour.
Western Blot and Slot Blot Protein Analysis
Protein samples were prepared using Laemmli sample buffer with 2-ME (Bio-Rad, Hercules, CA), and total protein via Western blot protein quantification analysis was determined (Bio-Rad). Twenty micrograms of protein was loaded into each lane (4/10% stacking acrylamide Tris gel) and electrophoresed at 100 V for 2 hours as previously described (Swanson et al., 2011) .
Oxidative Stress Evaluations N-Acetylcysteine. Caco-2 cells were grown to confluence, on 24-mm Transwell inserts (Corning) in 6-well plates in complete DMEM media with 10% fetal bovine serum. For experiments with NAC, cells in NAC groups were pretreated for 48 hours with 10 mM NAC. During the experiment, cells were stimulated with 0.2% alcohol in serum-free media for the indicated times. Whole cell lysates were made for Western blot analysis as previously described at the indicated time points of 2 and 4 hours for analysis of CLOCK and PER2 proteins (Swanson et al., 2011) .
Free Radical Analysis (H2DCFDA). Caco-2 cells were grown to confluence on glass cover-slips. When appropriate, Caco-2 cells were pretreated for 48 hours with 10 mM NAC in DMEM with 10% fetal bovine serum with a 2-hour washout to decrease NACrelated background. All groups were labeled with 10 uM cell-permeant 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H2DCFDA) in serum-free DMEM for 1 hour (Molecular Probes, Eugene OR) in HANKS media. When appropriate, Caco-2 cells were subsequently exposed to 0.2% alcohol in serum-free DMEM for 4 hours and then fixed in 4% paraformaldehyde and fluorescence was measured using fluorescent microscopy and ImageJ analysis software (NIH, Bethesda, MD). Caco-2 fluorescence was assessed at 520 nm following excitement at 480 nm. Cells were incubated at 37°C for 30 minutes and washed twice in PBS and then incubated with alcohol or control media with or without NAC. Cover-slips were fixed with paraformaldehyde, and images were taken via fluorescent microscopy using a 488 nm excitation laser. Fluorescence was measured using ImageJ software. Results are presented as mean AE standard error of the mean (SEM).
Gene Expression Analysis with qRT-PCR
Analysis of mRNA expression was carried out as previously described . Briefly, RNA was isolated from Caco-2 cells or mouse intestinal tissue (collected 4 hours after lights off; i.e., ZT16) using the Qiagen RNeasy kit (Qiagen). RNA was converted to cDNA using the high-capacity cDNA kit (Applied Biosystems, Life Technologies, Carlsbad, CA) and PCR-amplified using fast SYBR green master mix (Applied Biosystems) using a 7500 fast real-time PCR system (Applied Biosystems). PCR primer sequences were as follows: for human CLOCK:
Primers for b-actin were as follows:
Experimental Diet and Animals
To assess alcohol-induced effects in vivo, tissue from a previous study was used (Summa et al., 2013) . In brief, male C57BL/6 mice (Jackson Laboratory, Bar harbor, ME) of 6 to 8 weeks old at the start of the experiment were used. Mice were housed individually, and food and water were available ad libitum. After 12 weeks on a standard chow diet, mice were switched to an alcohol-containing diet (i.e., the Nanji diet; Nanji et al., 1994) that is a modified LieberDeCarli diet whereby fat calories were in the form of fish oil rather than a combination of corn oil, fish oil, and vegetable oil (Summa et al., 2013; Voigt et al., 2014) . Final alcohol concentration was 4.5% v/v. Components of the Nanji liquid diet included mineral mix, vitamin mix, choline bitartrate, DL-methionine, lactalbumin, xanthan gum, dextrose (all from Dyets, Bethlehem, PA), fish oil from menhaden, EtOH (both from Sigma, St. Louis, MO), and Hersey's chocolate syrup for flavor (Hershey, PA). The caloric composition of the diet was 36% protein, 29% dextrose (control) or alcohol, and 35% fat (fish oil). The caloric composition of the control dextrose diet was the same except that alcohol calories were replaced with dextrose. During the first 2 weeks of the Nanji alcohol diet, dietary alcohol concentration was gradually increased followed by 8 weeks at the full alcohol concentration (4.5% v/v, 29% of total daily caloric intake came from alcohol). At the end of the experiment, proximal colon tissue was harvested immediately after decapitation which occurred 4 hours after lights off (i.e., ZT16). Tissue was snap-frozen in liquid nitrogen and stored at À80°C until use.
Statistical Analysis
Data are presented as mean AE SEM. Group means were compared by analysis of variance (ANOVA) and post hoc analysis. Significance was set at a < 0.05. All analyses were conducted using GraphPad Prism (version 6; La Jolla, CA).
RESULTS
Free Radicals Contribute to Alcohol-Induced Intestinal Barrier Dysfunction
Using Caco-2 cells, we first determined whether alcohol causes oxidative stress and whether oxidative stress mediated alcohol-induced monolayer barrier dysfunction. Alcohol (0.2%) exposure for 4 hours significantly increased levels of oxidative stress in Caco-2 cells, an effect that was prevented by the free radical scavenger NAC (Fig. 1A,B ). There were significant (p ≤ 0.05) main effects of alcohol, antioxidant treatment, as well as an alcohol by antioxidant treatment interaction.
This inhibition of oxidative stress by NAC appears to have biological relevance as treatment of Caco-2 cells with NAC prevented alcohol-induced monolayer barrier dysfunction (Fig. 1C) . Caco-2 cells were pretreated with the antioxidant NAC (10 mM) or vehicle for 48 hours prior to exposure to alcohol. As expected, alcohol decreased TEER (i.e., 20% reduction) consistent with Caco-2 monolayer barrier dysfunction. Importantly, NAC pretreatment prevented the alcohol-induced barrier dysfunction. These data suggest that alcohol-induced oxidative stress promotes intestinal epithelial hyperpermeability.
Protein levels of CLOCK and PER2 were assessed following alcohol exposure. Alcohol increased the levels of clock Fig. 1 . Alcohol-induced effects on intestinal barrier integrity and expression of circadian clock proteins are inhibited by the free radical scavenger N-acetylcysteine (NAC). Caco-2 cells were pretreated with NAC (an antioxidant) and treated with 0.2% alcohol. Cells were stained and imaged, used to assess intestinal barrier integrity, and/or used to assess protein/mRNA levels. Two-way ANOVA with post hoc Bonferroni multiple comparison test indicated significance of experiments. (A) Cells were stained to visualize oxidative stress using chloromethyl 2 0 ,7 0 -dichlorofluorescein diacetate (CM-H2DCFDA, green) probe (10 lM) and a nuclear stain (DAPI, blue). (B) CM-H2DCFDA fluorescence was quantified and analysis revealed that alcohol-induced oxidative stress was blocked by NAC. Statistical tests showed significant effect of alcohol (p ≤ 0.01), NAC (p ≤ 0.01), and time (p ≤ 0.01). (C) Transepithelial electrical resistance (TEER) was used to assess barrier integrity 0.5, 1, 2, and 4 hours after alcohol +/ÀNAC pretreatment. Repeated measures 2-way ANOVA revealed a significant effect of alcohol (p ≤ 0.02), NAC (p ≤ 0.01), and time (p ≤ 0.01). (D) Representative Western blot images of CLOCK and PER2 from alcohol-treated (+/ÀNAC) Caco-2 cells (n = 4). (E-F) Protein was normalized to b-actin. (E) Alcohol significantly increased CLOCK protein, an increase that was blocked by NAC. Analysis showed a significant effect of alcohol (p ≤ 0.02) but no effect of NAC or an alcohol-NAC interaction. (F) Alcohol significantly increased PER2, an effect that was inhibited by NAC. There was a significant effect of alcohol (p ≤ 0.01), NAC (p ≤ 0.02), and alcohol-antioxidant interaction (p ≤ 0.01). (G) H 2 O 2 oxidant leads to significant increase in PER2 (t-test, p ≤ 0.05) in Caco-2 cells over 4 hours (N = 4). (H-I) Five mice were assessed per treatment group. Protein was normalized to b-actin. CLOCK and PER2 are increased in colon tissue from alcohol-fed mice (t-test, p ≤ 0.05, p ≤ 0.01 respectively). (J-M). RT-PCR analysis of Caco-2 circadian clock genes (n = 4/group). mRNA was normalized to b-actin. Alcohol increased (J) PER2 gene expression significantly compared to control. Comparison tests showed no significant effects of alcohol, antioxidant, or an interaction. (K) CLOCK gene expression was unchanged with treatment in Caco-2 cells with no significant effects of alcohol, antioxidant, or interaction. (L) BMAL1 gene expression was increased by alcohol, an effect that was blocked by NAC. No significant effects of alcohol, antioxidant, or interaction were found. (M) Cry1 mRNA was unaffected by alcohol, antioxidant, or an interaction. Each bar graph represents the mean values AE SEM. A priori pairwise comparisons were conducted for all groups (i.e., Bonferroni multiple comparison), and these are indicated on each individual graph. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. gene proteins CLOCK and PER2 (Fig. 1D-F) . A significant increase in PER2 protein was also seen with the alternative oxidant H 2 O 2 , which was similar to the rise seen with alcohol exposure (Fig. 1G) . Indeed, CLOCK and PER2 protein were increased in colonic mucosa of alcohol-fed mice (Fig. 1H, I ) and these mice also demonstrated intestinal hyperpermeability (Summa et al., 2013) . Importantly, the alcohol-induced increase in CLOCK and PER2 protein was prevented by the NAC treatment that also prevented alcohol-induced oxidative stress and monolayer hyperpermeability.
To determine whether the changes in protein were due to changes in mRNA (i.e., transcriptionally regulated), alcoholinduced changes in circadian gene expression were examined in Caco-2 cells. Alcohol increased PER2 expression (Fig. 1J ) but had differential effects on the core drivers of circadian expression with CLOCK (Fig. 1K) showing no change and a significant increase in alcohol-induced in BMAL1 expression (Fig. 1L) being blocked by antioxidant. Treatment with either alcohol or antioxidant NAC did not reveal any statistically significant change in CRY1 (Fig. 1M) mRNA. These data suggest that alcohol-induced effects on PER2 protein may be transcriptionally mediated whereas alcohol-induced increase in CLOCK protein level is not transcriptional and could be due to a different mechanism such as decreased in CLOCK protein degradation.
CREB Activation Mediates Alcohol-Induced Intestinal Barrier Dysfunction
We hypothesized that free radical production by CYP2E1-mediated alcohol metabolism activates PKA which results in CREB phosphorylation that in turn increases CLOCK/PER2 proteins thus resulting in intestinal hyperpermeability. Accordingly, we measured levels of phosphorylated CREB (p-CREB; i.e., activated CREB) and total CREB ( Fig. 2A) . Alcohol (0.2%, 2 hours) significantly increased CREB phosphorylation at serine 133, an effect that was prevented by pretreatment with the free radical scavenger NAC (Fig. 2B-D) . In contrast, alcohol did not statistically impact total CREB expression. These data are consistent with a role for alcohol-induced oxidative stress in activation of CREB.
Next we investigated the role of p-CREB (activated CREB) in alcohol-induced barrier dysfunction by manipulating the function of PKA, which contributes to CREB phosphorylation. Caco-2 cells were treated with the PKA inhibitor H89 to prevent phosphorylation and activation of CREB. If p-CREB is critical for alcohol-induced increase in PER2 protein and intestinal barrier function, then administration of H89 should be protective (Fig. 2B-D) . As would be expected, exposure of Caco-2 cells to alcohol resulted in a time-dependent decrease in Caco-2 monolayer barrier resistance (i.e., indicative of monolayer hyperpermeability). In agreement with our hypothesis, H89 prevented the alcoholinduced increase in PER2 protein (Fig. 2F ) and intestinal barrier function (Fig. 2G ).
DISCUSSION
The current study hypothesized that production of free radicals due to alcohol metabolism by CYP2E1 activates PKA causing CREB phosphorylation and increases PER2 protein, resulting in intestinal hyperpermeability. This hypothesis was based on a growing body of literature demonstrating that alcohol-induced oxidative stress is associated with increased permeability of intestinal epithelial cells (Banan et al., 1999 (Banan et al., , 2000 (Banan et al., , 2007 Haorah et al., 2005; Keshavarzian et al., 2009; Roskams et al., 2003) . The data presented in the current study support the hypothesis: (i) the free radical scavenger NAC prevented alcohol-induced intestinal barrier dysfunction; (ii) inhibition of PKA with H89 prevented alcohol-induced intestinal barrier dysfunction; (iii) CREB phosphorylation was impacted by alcohol, and the amount of p-CREB was influenced by NAC; (iv) PER2 protein increased with the alternative oxidant H 2 O 2 in a similar manner to that of alcohol in Caco-2 cells; and (v) both NAC and H89 prevented the alcohol-induced increase in the circadian protein PER2. Taken together, these pieces of evidence provide a plausible platform supporting the proposed hypothesis.
Our group previously showed that siRNA inhibition of CLOCK or PER2 proteins prevents alcohol-induced intestinal permeability in Caco-2 cell monolayers (Swanson et al., 2011 ). In the current study, we expand on these observations and identify oxidative stress and PKA activity as critical factors that contribute to alcohol-induced effects on intestinal barrier integrity. Our data support one mechanism whereby oxidative stress impacts circadian clock gene expression and protein levels, specifically PER2 and BMAL1 mRNA expression and CLOCK and PER2 protein. There are, however, alternative mechanisms by which oxidative stress can influence intestinal barrier integrity. It is possible for alcohol to elicit changes in the levels of circadian proteins independent of transcriptional mechanisms. Alcohol-induced increase in PER2 may be due to alterations in PER2 degradation occurring subsequent to changes in CRY1 inhibition of casein kinase 1. In addition, BMAL1 is a regulator of translation and alcohol-induced activation of BMAL1 may stimulate increased protein synthesis with little change in gene expression (van der Horst et al., 1999; Lipton et al., 2015) . Finally, the transcriptional-translational feedback loops that comprise the core molecular circadian clock could be perturbed due to impaired shuttling of PER2 and CRY1 proteins into the nucleus, effectively blunting the negative feedback portion of the molecular clock. In summary, the alcoholmediated rise in PER2 protein could be due to a change in transcription, translation, degradation, or another yet unknown mechanism. Another alternative explanation for the data generated in the study may have to do with a more broad sensitivity of the circadian clock to redox conditions. Many circadian clock protein components, such as PAS (Per-ARNT-Sim) domain containing proteins (which include PER2), and certain regulators of the circadian rhythm are sensitive to changes in redox potential and can change conformation or function in response to increased oxidative stress burden (Bass and Takahashi, 2011; Caito et al., 2010; Edgar et al., 2012) . The contributions of these alternative mechanisms need to be considered.
Our data suggest that CREB may act as a mediator between alcohol-induced oxidative stress and the circadian machinery to promote the development of intestinal hyperpermeability. We found an alcohol-mediated increase in p-CREB but with no change in total CREB protein. This increase in CREB phosphorylation was not observed when cells were pretreated with NAC linking oxidative stressinduced effects of alcohol to CREB phosphorylation. Further and more comprehensive characterization of CREBmediated effects of alcohol could be explored in the future, but these data support that CREB is activated (via PKA) by oxidative stress (Bai et al., 2005; Gerhart-Hines et al., 2011) . CREB is instrumental in light-induced clock resetting and circadian phase-shift in the SCN eliciting changes through CRE-mediated transcription (von Gall et al., 1998; Ginty et al., 1993; Obrietan et al., 1999) . We sought to elucidate the role that PKA-induced CREB activation may play in alcohol-mediated intestinal barrier dysfunction. If PKAinduced CREB activation is mediating alcohol-induced effects on the circadian clock and the intestinal barrier, then inhibition of PKA should block alcohol-mediated PER2 protein expression and barrier disruption. Indeed, pretreatment of Caco-2 cells with H89 a chemical inhibitor of PKA blocked the alcohol-mediated increase in PER2 and disruption of the Caco-2 monolayer barrier integrity (Lochner and Moolman, 2006) . A number of kinases promote CREB phosphorylation at Ser-133 including (Yu et al., 2001 ) Ca+ calmodulin kinases, AKT, ERK, MAPK, MAPKAP-kinase 2, PKC, and PKA (Du and Montminy, 1998; Impey et al., 1998; Tan et al., 1996; Xing et al., 1996) . However, our data suggest that PKA is the important regulator of alcoholinduced CREB activation. Our previous data show a significant effect of alcohol on PKA activation linking CREB regulation in the colon to alcohol intake (Forsyth et al., 2010) , and the current data build upon this previous work to support a link between alcohol induction of the PKA-CREB pathway and barrier dysfunction. We recognize the limitations of this study and acknowledge, for example, that in vitro results may not necessarily reflect those obtained in vivo; however, we believe that the novel acute mechanisms revealed in this study should be investigated further.
In summary, our data expand on our previous findings to reveal a pathway in which oxidative stress affects the molecular circadian clock and intestinal barrier integrity. These studies reveal new links between alcohol-mediated oxidative stress and the elements of the circadian rhythm and intestinal hyperpermeability that is critical to the development of ALD. Utilizing these studies, it may be possible to formulate new therapies that address oxidative stress mediated circadian disruption via gene expression possibly intervening in the pathway of alcohol-induced intestinal hyperpermeability and the subsequent endotoxemia and progression toward ALD.
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Fig. S1 Schematic representations of primary pathways for alcohol metabolism. Fig. S2 . Hypothesized mechanism.
